The SCL (TCL5, tal-1) gene was initially identified at the site of a t(1;14)(p32;q11) translocation breakpoint present in the multipotential DU528 cell line (8, 12, 18) . The SCL gene product contains the basic domain, helix-loop-helix (bHLH) motif present in many eukaryotic transcription factors (31) . Mice with a null mutation for the SCL gene are nonviable due to a lack of hematopoiesis, demonstrating that the SCL gene product is required for normal hematopoietic development (17, 36, 41) . More recently, it has been shown that the SCL gene product is important for blood vessel formation (20, 44) .
In addition to its role during normal hematopoiesis and vasculogenesis, several lines of evidence indicate that SCL gene dysregulation can lead to leukemic transformation. While not normally expressed in T lymphocytes (9) , abundant amounts of SCL mRNA or protein are often detected in patients with T-cell acute lymphoblastic leukemia (T-ALL); the largest series to date suggests that SCL mRNA is expressed in the malignant lymphoblasts of greater than 60% of pediatric patients with T-ALL (7) . In some cases of T-ALL, aberrant SCL expression is caused by chromosomal translocations which juxtapose T-cell receptor (TCR) ␦ or ␤ regulatory elements to the body of the SCL gene (8, 12, 18, 19) . However, the more common event which deregulates SCL expression in T-ALL patients is a site-specific interstitial deletion which replaces SCL regulatory elements with those of an upstream gene named SIL (3, 10) , leading to SCL mRNA expression under the control of SIL regulatory elements (4) .
Like other bHLH proteins, SCL has been shown to form heterodimers with E proteins, including the E2A gene products E12 and E47 (24) and HEB (49) . A preferred DNA binding sequence (CAGATG) has been defined for SCL-E2A heterodimers (25) , and a transcription activation domain has been mapped for SCL (39) . Several alternately spliced forms of SCL mRNA can be detected, and two different-sized forms of the SCL protein can commonly be detected by Western blotting: a full-length form of 42 to 44 kDa and an amino-terminal truncated form of 22 to 26 kDa (1, 13, 21) which lacks the transactivation domain. Additionally, it has recently been shown that SCL can bind both LMO1 and LMO2 in vivo (46) and that a pentameric transactivating complex consisting of SCL, E2A, LMO2, GATA1, and LDB1 can be detected in vivo (47) ; this pentameric complex recognizes an E-box (CAGG TG) sequence in association with a GATA binding site.
Several laboratories have recently reported results indicating that unscheduled SCL expression either alone or in concert with CKII, LMO1, or LMO2 leads to the development of aggressive T-cell malignancies in transgenic mice (2, 15, 26, 27) . In general, unscheduled SCL expression alone either does not cause T-cell malignancies (2, 37) or causes T-cell malignancies relatively late in life, with incomplete penetrance (15, 26) . The reason for different results among investigators is not clear; it may be due to differences in the promoters used, the mouse strains, the integration sites, or some combination of these factors. However, in collaboration with either LMO2 (27) or LMO1 (2) , SCL dysregulation leads to leukemia/lymphoma with a high degree of penetrance (95 to 100%) early in life (mean age of onset, 4 to 7 months), indicating that the combination of SCL with LMO1 or LMO2 inexorably leads to T-cell malignancies. The concept of collaboration between SCL and LMO proteins is reinforced by observations that some tumors derived from LMO2 mice have activated SCL (23) and that MSH2-deficient mice which develop T-cell malignancies often activate SCL and LMO2 (29) .
The observation that an amino-terminal truncated form of SCL, which lacks the transactivation domain, was leukemogenic (2) suggests that SCL may be exerting its oncogenic effect through a dominant negative mechanism, perhaps by binding and sequestering E proteins needed for normal T-cell development. This hypothesis is supported by recent observations that E2A-deficient mice develop fulminant T-cell malignancies at an early age (5, 48) . In this report, we describe premalignant changes in mice transgenic for both SCL and LMO1 in terms of thymocyte number, proliferative index, immunophenotype, tumorigenicity, and clonality that are strikingly similar to those seen in E2A-deficient mice.
MATERIALS AND METHODS
Generation of transgenic mice. The generation of transgenic mice by using the pSIL/SCL (full-length SCL) and the pSIL/TSCL (amino-terminal truncated SCL) vectors has been described (2) . The LMO1 transgenic mice (lck-LMO1; line 11) were obtained from Stanley Korsmeyer (30) . Unless noted otherwise, the A(5)3 SCL line (2) , which expresses the amino-terminal truncated form of SCL, was used for all the experiments described. Animals were maintained under standard conditions according to institutional animal care and use guidelines.
Sample collection and immunophenotype. Thymus, spleen, or tumor masses were removed from mice and placed on ice in RPMI 1640 containing 10% fetal bovine serum, 5 g of penicillin per ml, and 5 g of streptomycin per ml. Single-cell suspensions were made by using a loose-fitting ground-glass homogenizer. Debris was removed by gravity sedimentation, and the single cell suspension was used for subsequent studies. Cells were immunophenotyped by using conjugated monoclonal antibodies and standard techniques. Briefly, cells were washed in cold phosphate-buffered saline (PBS) and separated into aliquots in 12-by-75-mm tubes (Falcon) at a concentration of 10 6 cells per ml. Cells were blocked for 15 min with 10 g of rat and/or hamster immunoglobulin G (Caltag) and stained with the appropriate antibody conjugate for 45 min. The conjugates used were CD4 fluorescein isothiocyanate (FITC), CD8 red phycoerythrin (R-PE), CD25 R-PE, TCR␤ Tricolor, and CD44 FITC (Caltag). Cells were washed twice with PBS and fixed with 1% paraformaldehyde, and 5,000 events were analyzed on a FACScan (Becton Dickinson). Statistical analysis was performed by using a two-sided Student's t test.
Cell cycle analysis. Cells were washed as described above, fixed with 70% ethanol, and stained with 1 ml of a 50-g/ml mixture of propidium iodide in 0.1% sodium citrate containing 0.37% Nonidet P-40 (NP-40) and 20 g of RNase A per ml for at least 30 min. Cells were kept at 4°C and washed with propidium stain immediately before FACScan analysis. Double staining of CD4 and propidium iodide were done by staining for CD4 as described above, followed by ethanol fixation and propidium staining. Results based on at least 15,000 events were analyzed by using the Modfit software package. Statistical analysis was done by using a two-sided Student's t test.
Cell viability and apoptosis assays. One million thymocytes were resuspended in RPMI 1640 supplemented with 10% fetal bovine serum, antibiotics, and 50 M 2-mercaptoethanol and were then incubated at 37°C in an atmosphere of 5% CO 2 . Aliquots were removed on a daily basis, and cell counts were made by using a 0.08% trypan blue dye exclusion assay (Life Technologies). Cells were stained with the nuclear dye Hoechst 33258 in vitro and assayed for apoptotic events as previously described (42) . For in situ detection of apoptosis, terminal deoxynucleotidyl transferase (Tdt) was used to label apoptotic cells in tissue sections by using Apotag (Oncor) reagents and protocols, as previously described (11) .
Nucleic acid manipulations. Genomic DNA was isolated from tail and thymocytes as previously described (2) . Total RNA was isolated by using Trizol (Life Technologies) according to the manufacturer's recommended protocol. Southern and Northern blotting was performed as previously described (14) . Probes used in this study included a 1.2-kb HindIII-XbaI human SCL cDNA fragment (67HX [2] ), a PCR-amplified human LMO1 cDNA fragment (nucleotides 544 to 957; GenBank accession number M26682), and a PCR-amplified murine CD4 cDNA probe (nucleotides 2916 to 3081; GenBank accession number X04836). Murine c-myc and human TCR C␤2 probes were gifts of Ilan Kirsch (National Cancer Institute).
Transient-transfection assays. The E-box-luciferase reporter constructs were a kind gift of Thomas Kadesch (University of Pennsylvania). The E(5,2) 6 -luc construct contains a minimal E1b promoter followed by six concatamerized E5 and E2 E-boxes controlling luciferase expression; the E(5,2,3) 4 -luc construct contains four concatamerized E5, E2, and E3 E-boxes controlling luciferase expression (33) . The E1b-luc has a minimal E1b promoter and no E-box sequences controlling luciferase expression and was generated by deleting the E-box sequences from E(5,2) 6 -luc. An E2A expression vector (named pCE2-5) was generated by cloning an E2-5 cDNA (22) into pcDNA3.1 (Invitrogen), an SCL expression vector (named pCSCL) was generated by cloning an SCL cDNA (67HX [2] ) into pRC-CMV, and an LMO1 expression vector (named pCLMO1) was generated by cloning a PCR-amplified fragment (sense primer 5Ј-TTTAA GCTTGCTAGCTGCCCGAGGACCGG-3Ј; antisense primer 5Ј-TTTAAGCT TACTGAACTTGGGATTCAAAGG-3Ј) encoding the full-length LMO1 protein into pRC-CMV. All PCR products and cloning junctions were sequenced to confirm the correct sequence and orientation. A vector employing simian virus 40 promoter-enhancer sequences (pCAT Control; Promega) driving chloramphenicol acetyltransferase (CAT) expression was used to control for transfection efficiency. NIH 3T3 fibroblasts were transfected when ca. 50% confluent by using Lipofectamine reagent (Life Technologies) and the manufacturer's recommended protocol. All transfections used 2 g of both luciferase and CAT reporter vectors and 5 g of each expression vector except where noted; in the transfections where the SCL, LMO1, and E2-5 expression vectors totaled less than 15 g, the parent pRC-CMV vector was added to a total of 15 g. At 48 h after transfection, the cells were lysed by using Promega Reporter Buffer. Supernatants (20 l) were assayed for luciferase activity by using the Luciferase Assay System (Promega) and a Monolight 2010 luminometer (Analytical Luminescence Laboratory). Supernatants (110 l) were heated to 60°C for 10 min and analyzed for CAT activity by adding 0.25 Ci of 14 C-labeled chloramphenicol and 25 g of n-butyryl-coenzyme A and incubating the mixture at 37°C for 2 h. The reaction products were extracted with xylene and counted in a scintillation counter.
Tumorigenicity assays in nude mice. Thymocytes collected at 4, 8, and 12 weeks or tumor cells collected at the onset of clinical disease were washed, pelleted, and resuspended in PBS prior to injection into nu/nu homozygous mice (Harlan Sprague-Dawley, Indianapolis, Ind.) either intraperitoneally or subcutaneously in a total volume of 0.5 ml. The mice were evaluated for clinical symptoms of malignancy (weight loss, tachypnea, or palpable lymphadenopathy) on a weekly basis and sacrificed when an obvious tumor burden was detected. Tumor cells were harvested as described above.
RESULTS
The thymus from immature SCL LMO1 double-transgenic mice is small and contains fewer thymocytes than controls. In order to determine whether a clonal expansion of thymocytes could be detected prior to the onset of a frank malignancy, we sacrificed mice at 4 to 5 weeks of age and determined the total thymocyte number, the proliferative index, and the in vitro survival. Surprisingly, the thymi from animals transgenic for both SCL and LMO1 (hereafter SCL LMO1) were visibly smaller than those from any of the control genotypes (negative for both transgenes, positive only for the SCL transgene, or positive for only the LMO1 transgene, hereafter referred to as Ϫ/Ϫ, SCL/Ϫ, or LMO1/Ϫ, respectively). The total number of thymocytes was significantly reduced in the SCL LMO1 mice (P Ͻ 0.001) compared to any of the other three genotypes (Fig.  1) . In order to determine why there were fewer total thymo- cytes in the SCL LMO1 mice, we assayed the thymocytes for cell cycle progression by using propidium iodide staining. The results of these experiments (Table 1) showed that thymocytes from the SCL LMO1 mice had a significantly higher fraction of cells in the S and G 2 phases, suggesting that they were proliferating more rapidly than the control thymocytes.
To determine whether thymocytes from the SCL LMO1 mice were dying more rapidly, we cultured thymocytes in vitro as described above. Figure 2 (top) demonstrates that thymocytes from the double-transgenic mice died more rapidly in vitro than did thymocytes from any of the control genotypes. The thymocytes died by an apoptotic process, as evidenced by chromatin fragmentation detected by Hoechst 33258 staining (Fig. 2, bottom) .
To determine whether these in vitro results correlated with in vivo observations, we assayed histologic sections of the thymus for evidence of apoptosis by using Tdt labeling. As shown in Fig. 3 , the thymus from the double-transgenic animals shows increased numbers of apoptotic cells at the corticomedullary junction ( Fig. 3D ), which typically consists of CD4 ϩ CD8 ϩ cells, outlining the medulla of the double-transgenic thymus. Additionally, the hematoxylin-eosin-stained sections seem to show an increased density of cells in the subcapsular region (i.e., the outermost region of the cortex) of the double-transgenic thymus (compare the cortical and subcapsular regions in Fig. 3A and C). Since the subcapsular region is made up largely of CD4 Ϫ CD8 Ϫ cells, one might predict that the double-transgenic mice may have increased numbers of immature CD4 Ϫ
CD8
Ϫ cells (see below). Thymocytes from immature SCL LMO1 double-transgenic mice display clonal TCR gene rearrangements prior to the onset of frank malignancy. We looked for evidence of clonal or oligoclonal predominance in total thymocytes from SCL LMO1 mice by assaying for clonal TCR␤ gene rearrangements. Genomic DNA from total thymocytes was digested with SstI, Southern blotted, and hybridized to a TCR C␤2 probe. As shown in Fig. 4A , while no discrete restriction fragments representing clonal TCR␤ gene rearrangements are present in any of the three control genotypes, distinct rearranged fragments can be detected in genomic DNA from most, but not all, of the SCL LMO1 mice, suggesting the emergence of a clonal population of thymocytes. Furthermore, the degree of clonality seemed to increase with age. Figure 4B shows that, as opposed to the relatively subtle clonal rearrangements seen at 4 weeks, more-obvious clonal rearrangements can generally be detected at 8 and 12 weeks of age, suggesting the emergence of a more homogeneous clonal population with age. Lastly, one of the 12-week-old SCL LMO1 thymocyte samples shown in Fig. 4B (lane 12) shows evidence of an oligoclonal population, with the presence of at least six clonal restriction fragments (representing three to six independent clones) in the sample.
Abnormal T-cell development in SCL LMO1 double-transgenic mice prior to the onset of malignancy. We performed T-cell subset analysis on total thymocytes and splenocytes from mice at 4, 8, 10, and 12 weeks of age. As shown in Fig. 5A , while the three control genotypes showed a normal pattern of thymocyte differentiation at 4 weeks of age, with 75 to 90% CD4 ϩ CD8 ϩ cells, thymocytes from SCL LMO1 mice showed a marked decrease in the CD4 ϩ CD8 ϩ population and an increase in the CD4 Ϫ CD8 Ϫ population. These results were quite reproducible (Table 2 ) at this age, and newborn mice showed similar findings (data not shown). The increase in CD4
Ϫ CD8 Ϫ cells is in good agreement with the increased cellular density of the subcapsular region seen in thymi from the double-transgenic mice (Fig. 3) . Furthermore, there was a dramatic expansion of the number of primitive (CD44 ϩ CD25 Ϫ ) T cells in the thymus from 4-week-old SCL LMO1 mice (Fig. 5A) . Interestingly, although normal thymus never shows a substantial number of CD44 ϩ CD8 ϩ cells, thymocytes from SCL LMO1 mice show a large number of cells with this unusual immunophenotype at 4 to 5 weeks of age, suggesting a disordered pattern of T-cell maturation in the SCL LMO1 mice. These CD44 ϩ CD8 ϩ cells were largely (90% Ϯ 3%; n ϭ 5 mice) TCR␤ Ϫ , suggesting that they represented immature thymocytes aberrantly expressing CD8, as opposed to mature thymocytes that had acquired CD44. There were fewer mature CD4 ϩ CD8 Ϫ and CD4 Ϫ CD8 ϩ T cells in the spleens from SCL LMO1 mice compared to the control genotypes; this difference was significant (P Ͻ 0.01) for the CD4 Ϫ CD8 ϩ population but not significant for the CD4 ϩ CD8 Ϫ population (P Ͼ 0.05). These immunophenotypic abnormalities in T-cell subsets progressed with time. As shown in Fig. 5B , a substantial fraction of thymocytes from the SCL LMO1 mice begin to acquire CD8 but not CD4. These CD8 ϩ CD4 Ϫ thymocytes resemble immature thymocytes in that less than half are TCR␤ ϩ (49% Ϯ 17%), as opposed to the CD8 ϩ CD4 Ϫ thymocytes from nontransgenic control mice, which are mostly TCR␤ ϩ (86% Ϯ 5%), a finding typical of normal mature CD8 ϩ CD4 Ϫ T cells. Simultaneously, the fraction of CD44 ϩ CD25 Ϫ cells begins to increase in the thymocytes from SCL LMO1 mice. Concomitant with these changes, a clonal or oligoclonal T-cell popula- tion begins to emerge (Fig. 4B) , and the total number of thymocytes begins to increase in SCL LMO1 mice; by 12 weeks the total number of thymocytes is similar to the thymocyte number in the control samples. We interpret this increase in T-cell number at 12 weeks not to be the result of some homeostatic process but rather to be due to the expansion of a malignant clone on a background of abnormal T-cell differentiation.
It has previously been reported that transgenic mice that ectopically express LMO2 under control of a CD2 promoter show an increase in the number of CD4 Ϫ CD8 Ϫ thymocytes between 3 and 6 months of age (27) . Consistent with that observation, we noted that one of seven 8-to 12-week-old mice that were positive for LMO1 showed an increase (18% of total thymocytes) only in the CD4 Ϫ CD8 Ϫ population, while in the other six mice 1 to 5% of the total thymocytes were CD4 Ϫ
Ϫ . Both leukemic thymocytes and thymocytes from asymptomatic mice generate T-cell malignancies in nude mice. We previously demonstrated that SCL LMO1 mice developed an aggressive, highly penetrant, form of T-cell leukemia/lymphoma at a mean age of 18 weeks (2). Mice with these T-cell malignancies displayed profound lymphadenopathy, massive hepatosplenomegaly, and widespread organ infiltration, as found with the human disease. To determine whether the Tcell malignancies which developed in the SCL LMO1 mice could be transplanted, we injected T lymphoblasts harvested from SCL LMO1 mice with frankly invasive disease (i.e., profound lymphadenopathy, massive hepatosplenomegaly, and widespread organ infiltration) into athymic nude mice. As anticipated, these T lymphoblasts rapidly caused fatal T-cell malignancies in the recipient mice when injected by either the intraperitoneal or subcutaneous route ( Table 3 ). The injection of thymocytes harvested from asymptomatic 12-week-old SCL LMO1 mice also led to T-cell leukemia in the recipient mice when injected intraperitoneally. Of note, the thymocytes injected intraperitoneally seemed to "home" in on the thymic rudiment and lymph nodes; when sacrificed, the nude mice had large tumor masses in the mediastinum and smaller tumor masses in the axillary and inguinal regions, but they did not have significant ascitic fluid. Additionally, as shown in Fig. 6 , although an oligoclonal population of T cells was injected into the nude mice, either a single clone with a biallelic TCR␤ rearrangement or two clones with monoalleleic TCR␤ rearrangements emerged in the frank malignancy. Interestingly, thymocytes from four different 4-week-old SCL LMO1 mice did not generate T-cell malignancies despite an observation period of Ͼ32 weeks, and only one of four independent SCL LMO1 thymocyte samples from 8-week-old mice generated T-cell malignancies in recipient nude mice.
Mice transgenic for a full-length SCL and LMO1 also develop T-cell leukemia. All of the experiments described above used a truncated form of the SCL protein which lacked the amino-terminal activation domain. To determine whether mice transgenic for a full-length SCL protein and LMO1 would also develop T-cell leukemia preceded by abnormal T-cell differentiation, we crossed mice transgenic for a full-length SCL protein (line A4 of reference 2) with mice transgenic for LMO1. Mice were sacrificed when they displayed obvious morbidity (tachypnea, massive lymphadenopathy, and lethargy). As shown in Fig. 7 , mice transgenic for both a full-length SCL protein and LMO1 developed aggressive T-cell leukemia/lymphoma with a high degree of penetrance, generally within 6 months. These T-cell malignancies were indistinguishable from those seen in animals transgenic for the truncated form of SCL in terms of frequency, age of onset, immunophenotype, pattern of spread, or clonality (as assessed by clonal TCR␤ gene rearrangements) (data not shown). Of the four SCL LMO1 double-positive mice who did not develop T-cell malignancies during the 6-month study period, three developed tumors at between 6 and 8 months. Similar to thymocytes from 4-to 5-week-old mice transgenic for the truncated SCL and LMO1, thymocytes from mice transgenic for the full-length SCL and LMO1 were fewer in number than in controls, with an increased fraction of CD4 Ϫ CD8 Ϫ cells and oligoclonal TCR␤ gene rearrangements (data not shown).
SCL LMO1 transgenic mice show parallels with E2A null mice. It has recently been demonstrated that mice deficient for E2A develop aggressive T-cell leukemia/lymphoma early in life, preceded by abnormal T-cell differentiation (5, 48) . The age of onset, the degree of disease penetrance, and the pattern of spread, as well as the decreased number of total thymocytes and increased numbers of CD4 Ϫ CD8 Ϫ cells during a premalignant, asymptomatic phase seen in these E2A-deficient mice are quite similar to our findings with SCL LMO1 mice. Since SCL and LMO1 are known to form a complex with E2A (46), it seems plausible that SCL and LMO1 might exert their oncogenic action by sequestration of E2A, leading to a functional E2A deficiency. If this model is correct, both the premalignant and malignant thymocytes from SCL LMO1 mice might show additional similarities with thymocytes from E2A-deficient mice. The T-cell malignancies which developed in E2A-deficient mice showed increased levels of c-myc mRNA; this was potentially due to an increased c-myc copy number (5) . Figure 8 shows that most of the T-cell malignancies which developed in SCL LMO1 mice overexpressed c-myc; however, Southern blot analysis showed no evidence of obvious c-myc gene amplification in the tumors from SCL LMO1 mice (data not shown).
SCL inhibition of E2A is potentiated by LMO1. In vitro studies have shown that the expression of SCL can interfere with the expression of reporter genes driven by E-box elements (34, 45) . To determine whether LMO1 could increase the ability of SCL to inhibit E2A function, we transfected NIH 3T3 fibroblasts with the E(5,2,3) 4 -luc reporter vector, the pCE2-5 expression vector, and the pCLMO1 expression vector in conjunction with increasing amounts of the pCSCL expression vector. Figure 9A shows that while LMO1 has a minimal effect on E-box-regulated luciferase transcription (a 30% decrease), SCL dramatically inhibits (ca. 100-fold) the ability of E2A to drive the transcription of luciferase from E-box elements. Furthermore, although not apparent when smaller amounts of SCL (0.5 g of vector) were used, LMO1 clearly (Ͼ8-fold) augmented the ability of SCL to inhibit E-boxregulated transcription when larger amounts (1.5 and 5 g) of the SCL expression vector were transfected. We obtained similar results with the E (5,2) 6 -luc construct (Fig. 9B ). In addition, since E proteins have been shown to regulate CD4 expression (40), we evaluated CD4 expression in thymocytes from 4-week-old SCL LMO1 mice and controls. As shown in Fig. 9C , CD4 expression was reduced between 2.5-and 10-fold in the SCL LMO1 thymocytes compared to controls.
DISCUSSION
We have previously shown that an amino-terminal truncated form of SCL, which lacks the SCL transactivation domain, can cooperate with LMO1 to induce T-cell leukemia/lymphoma at a young age and with a high degree of penetrance (2) . Given that SCL is the gene most frequently activated by chromosomal rearrangements in T-ALL patients (6, 35) , it seems likely that the T-cell leukemia/lymphoma which develops in these mice provides a useful model of the human disease. In this report, we identify abnormalities of T-cell development in terms of total thymocyte number, T-cell subsets, proliferation indices, apoptosis, and thymic architecture prior to the onset of a frank malignancy in SCL LMO1 double-transgenic mice. In addition, we show that mice transgenic for LMO1 and a fulllength SCL protein display a similar pattern of abnormal T-cell development prior to the development of a full-fledged T-cell leukemia/lymphoma and that the T-cell malignancies which develop in these mice are indistinguishable from those that (4) i.p. 4 0 Ͼ32 a Cells were injected by either the subcutaneous (s.c.) or the intraperitoneal (i.p.) route. Data under the heading n are numbers of mice that were injected; data under the heading Tumors are numbers of mice that developed T-cell tumors. Time intervals of 3 to 19 weeks refer to the time between the injection and tumor development; a period of "Ͼ32" weeks refers to mice observed for at least 32 weeks that did not develop disease. Prior to the onset of leukemia/lymphoma, we noted a number of differences, both anticipated and unanticipated, between thymocytes isolated from SCL LMO1 mice and thymocytes isolated from control mice. As expected, we noted evolution of a clonal population in SCL LMO1 mice at 4 weeks of age, as evidenced by oligoclonal TCR␤ gene rearrangements. With time, the oligoclonal TCR␤ rearrangements became more prominent, suggesting the selection of one or a few distinct thymocyte clones. Unexpectedly, we noted that thymi from 4-to 5-week-old SCL LMO1 mice were consistently smaller and contained fewer total thymocytes than thymi from control mice. Despite a decreased number of total thymocytes, there was an increase in the number of thymocytes in the S and G 2 phases of the cell cycle, suggesting an increased proliferative rate. The most likely explanation for this apparent paradox (decreased total number of thymocytes despite an increase in proliferative index) is the observation that thymocytes from SCL LMO1 mice died more quickly (Fig. 2, top) . These findings are reminiscent of those seen with thymocytes from E2A-PBX1 transgenic mice, which also show increased rates of both proliferation and apoptosis prior to the onset of a frank malignancy (16) .
Malignant T cells from the leukemia/lymphoma that developed in these transgenic mice were easily transferred to immune-deficient nude mice, by either the subcutaneous or intraperitoneal route, and led to rapid development of a widespread leukemia/lymphoma within 3 weeks. However, our data indicate that although there is clonal predominance detected in the thymocyte population of SCL LMO1 mice as early as 4 weeks of age, these thymocytes were unable to generate malignancies in nude mice. Thymocytes isolated from asymptomatic 12-week-old SCL LMO1 mice formed tumors in nude mice, and one of four thymocyte populations isolated from 8-week-old SCL LMO1 mice led to T-cell malignancies in nude mice. Therefore, it seems that the development of sufficient numbers of transplantable, fully malignant thymocytes occurs gradually between 4 and 12 weeks of age.
In addition to the changes in thymocyte number, proliferative index, tumorigenicity, and clonality, we noted distinct disturbances of thymocyte development, as evidenced by T-cell subset analysis. Normally, the most immature thymocytes are CD44 ϩ CD25 Ϫ ; these thymocytes then acquire CD25, begin to rearrange their TCR␤ genes, and subsequently lose expression of CD44 and CD25 to become CD44 Ϫ CD25 Ϫ cells. These cells (which are also negative for CD4 and CD8, so-called "double-negative" or DN thymocytes) then begin to express higher levels of TCR␤ and acquire CD4 and CD8 ("doublepositive" or DP thymocytes). The CD4 ϩ CD8 ϩ cells, which are typically 75 to 85% of the total thymocytes in a young mouse, proceed to lose either CD4 or CD8 and leave the thymus as mature CD4 ϩ CD8 Ϫ or CD4 Ϫ CD8 ϩ T cells. 
CD8
Ϫ thymocytes at 3 to 6 months of age in a subset of transgenic animals which overexpressed LMO2 (28, 32) , although neither of those reports noted a decrease in total thymocyte number. This increase in CD4 Ϫ CD8 Ϫ thymocytes was accentuated in mice which overexpressed both LMO2 and SCL (27) . In our studies, we did not see any consistent differences in terms of thymocyte numbers, subsets, proliferative index, or clonality in LMO1 transgenic mice of up to 12 weeks of age, although one of seven LMO1-only transgenic mice showed a modestly increased fraction (18%) of CD4 Ϫ CD8 Ϫ thymocytes. We noted a significant decrease in the relative and absolute numbers of CD4 ϩ CD8 ϩ thymocytes from 4-week-old mice positive for both LMO1 and SCL, with an increase in the numbers of CD4 (Fig. 3) , a finding consistent with the observation that the T-cell malignancies which developed in the SCL LMO1 mice were CD44 ϩ (data not shown). We noted a consistent, gradual increase in the percentage of cells positive for CD8 in the thymi of SCL LMO1 mice. This increase was due to the emergence of an unusual CD8
ϩ CD4 Ϫ population that remained in the thymus, in contrast to the typical mature CD8 ϩ CD4 Ϫ cell which leaves the thymus. Additionally, the evolution of this CD8 ϩ CD4 Ϫ population corresponded with the emergence of a prominent clonal population of thymocytes, as evidenced by clonal TCR␤ gene rearrangements. From a T-cell developmental point of view, these data are most consistent with a population of thymocytes unable to easily mature from the CD4 Ϫ CD8 Ϫ stage to the CD8 ϩ CD4 ϩ stage, even though they rearrange and express TCR␤, leading to marked decreases in both total thymocyte number as well as the number of CD4 ϩ CD8 ϩ thymocytes. With time, superimposed on these developmental abnormalities is the evolution of a fully malignant T lymphocyte, with a resultant increase in total thymocyte number due to the predominance of one or a few clones.
In vitro studies have shown that expression of SCL can interfere with the expression of reporter genes driven by E-box elements (34, 45) . We have shown that simultaneous SCL and LMO1 expression leads to a greater degree of E2A inhibition than SCL alone (Fig. 9) . In addition, the expression of CD4, a gene which is regulated, at least in part, by E2A (40), is decreased in thymocytes from SCL LMO1 mice compared to thymocytes from control mice. Similarly, a number of similarities exist between these results with SCL LMO1 mice and those reported for E2A-deficient mice (5, 48) , supporting the notion that SCL, in collaboration with LMO1, can interfere with E2A function in vivo. Although most E2A-deficient mice die shortly after birth, two groups have recently shown that E2A-deficient mice which survive longer than 3 months have a high incidence of T-cell leukemia/lymphoma (5, 48) . Like the SCL LMO1 mice, E2A-deficient mice have a significant decrease in total thymocyte number at 4 to 8 weeks of age and an FIG. 9 . Cooperative effect of SCL and LMO1 on E-box-mediated transcription. (A) NIH 3T3 cells were transfected with the indicated constructs in triplicate, along with an internal transfection control (pCAT Control; Promega); 5 g of all expression vectors was used unless otherwise indicated. The values presented are the means Ϯ the standard deviation of relative luciferase units, divided by the counts per minute (CAT activity) to control for transfection efficiency; in some cases, the standard deviation bars are too small to be seen. The data are plotted on a logarithmic scale, and the values for each triplicate are shown above the data bars. An asterisk indicates a significant difference (P Ͻ 0.001) between the transfections with SCL alone and those with LMO1 and SCL. The entire experiment was repeated once with similar results. (B) The experiment was performed and the data are presented as described for panel A, except that E(5,2)-luc was used as the reporter vector. (C) Expression of CD4 is decreased in thymocytes from SCL LMO1 mice. Ten micrograms of total RNA were assayed for CD4 expression by Northern blotting; actin was used as a loading control. The genotypes are as indicated, and the ratios of CD4 to actin signals are shown below each lane. increased proportion of the immature CD44 ϩ 25 Ϫ subset. Additionally, tumors from the SCL LMO1 mice overexpressed c-myc, similar to tumors from E2A-deficient mice. Taken together, these observations support the hypothesis that SCL exerts its leukemogenic action through a partial, functional inactivation of E2A and/or the related E protein HEB.
Four of the genes most commonly activated by chromosomal translocation in patients with T-ALL are SCL, LMO1 (or the closely related LMO2), HOX11, and TAN (a human homologue of notch) (35, 43) . In addition, TAL2 and LYL1, bHLH proteins with bHLH regions highly similar to that of SCL are also activated by chromosomal translocations in T-ALL patients (43) . It seems reasonable to suggest that SCL and LMO1 exert their oncogenic effect, at least in part, through a functional inactivation of E2A and/or HEB and that the closely related TAL2 and LYL1 proteins are leukemogenic through a similar mechanism. In this context, it is intriguing that TAN1 may also act through inactivation of E2A. A recent report has demonstrated that activated notch proteins can inhibit E2A function (33) and that overexpression of an activated notch protein in the thymus leads to disordered T-cell development, with an increase in CD8 ϩ CD4 Ϫ cells and a corresponding decrease in CD4 ϩ CD8 Ϫ cells (38) . We have demonstrated premalignant developmental abnormalities in terms of thymocyte number, immunophenotype, proliferative index, tumorigenicity, clonality, and thymic architecture, abnormalities which inexorably progress to an aggressive T-cell leukemia/lymphoma in mice transgenic for both SCL and LMO1. These developmental abnormalities are reminiscent of those seen in mice deficient for E2A. In light of in vitro data which demonstrate binding between SCL and the E proteins E2A or HEB, it seems possible that SCL might exert its leukemogenic effect through a functional inactivation of E2A or HEB. Therefore, it is possible that a majority of human T-ALL develops through inactivation of E2A and/or HEB, two genes which have not been reported to be disrupted in T-ALL patients.
